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grasslands, a habitat type that experienced dramatic habitat loss and fragmentation during the 23 20th century. Calcareous grasslands are of special conservation concern as the habitat type with 24 the highest diversity in plant and invertebrate species in Central Europe. A baseline survey in 25 1989 established complete vascular plant species lists for all 62 previously abandoned calcareous 26 grassland patches in the study area and assessed the presence of 48 habitat specialist plant 27
species. An ecological network was initiated in 1989 to reconnect these patches with existing 28 core areas through large flock sheep herding where feasible, as sheep are thought to be the 29 primary dispersal vectors for calcareous grassland plants. An evaluation survey in 2009 showed 30 significant increase in species richness of habitat specialist plants in patches reconnected by 31 sheep herding, indicating successful colonizations by habitat specialist plant species, while 32 ungrazed patches showed no significant change. Baseline species richness after abandonment was 33 associated with patch area and vegetation type, suggesting that extinction delays depended on 34 asymmetry of competition with later seral species, whereas subsequent increase in species 35 richness was related to connectivity by sheep herding and the presence of a diversity of structural 36 elements providing microsites for establishment. The implementation of this ecological network 37 represents a long-term 'natural experiment' with baseline data, manipulation, and evaluation of 38 hypothesized effects on a clearly defined target variable. It thus provides much needed empirical 39 evidence that species loss in fragmented calcareous grassland communities can be counteracted 40 by restoring functional connectivity among remnant patches.
Introduction 45
The promotion of ecological networks for conservation management in human altered 46 landscapes relies on the assumption that corridors and stepping stone habitats increase the 47 exchange of target species among local populations, thus facilitating the persistence of 48 metapopulations and preserving biodiversity at a landscape scale (Bennett and Ecological networks aim to counteract negative effects of habitat fragmentation on 59 biodiversity. Habitat fragmentation typically results in smaller and more isolated patches (Fahrig 60 2003) . Theoretical expectations of the effects of habitat fragmentation on biodiversity and species 61 persistence are often derived from island models (Haila 2002) , which predict that equilibrium 62 species richness of local communities depends on patch size and patch isolation, where larger 63 patches are expected to have lower extinction rates (area effect) and more isolated patches lower 64 immigration rates (isolation effect) as observed at the levels of either species (MacArthur and 65
Wilson 1967) or individuals (Hubbell 2001) . Theoretical and empirical results from spatiallyexplicit metapopulation theory suggest that extinction rate of local populations is a function of 67 patch area, whereas the rate of colonization of empty patches of suitable habitat is proportional to 68 patch connectivity (Hanski and Ovaskainen 2003) . The empirical base regarding fragmentation effects on biodiversity is strongly biased 82 towards mammals and birds (Fischer and Lindenmayer 2007) . True experiments that test the 83 effect of habitat fragmentation on vegetation are rare (Debinski and Holt 2000) , and such 84 experiments often are limited to spatial scales too small to inform real-world resource 85 management and conservation (Lindenmayer 2009 ). Ecological networks represent long-term 86
'natural experiments', where habitat fragmentation is manipulated but is not fully controlled by 87 the researcher. A lack of randomization may introduce bias related to confounding variables, andthe scientific evaluation of ecological networks is often limited by the lack of baseline data, 89 empirically testable targets and hypothesized effects because evaluation was not anticipated at the 90 time of establishment (Wagner et al. 2007 ). Paradoxically, governments and conservation 91 agencies are investing major resources in maintaining or enhancing landscape connectivity, but it 92 is rare that actual connectivity in terms of colonization events or dispersal patterns is evaluated 93 after ecological networks have been established (Boitani et al. 2007 , Kareiva 2006 . 94
In recent decades, cultural landscape change in Europe led to a widespread loss of 95 calcareous grasslands (Poschlod and WallisDeVries 2002) . Calcareous grasslands typically are 96 nutrient poor, unfertilized and free of herbicide or pesticide application and thus provide 97 important refugia for plant and animal species in an otherwise intensively used agricultural 98 landscape (Green 1972 ). Abandonment of calcareous grasslands, followed by shrub 99 encroachment and natural reforestation (Hakes 1987) , results in a grave loss of diversity of flora 100 and fauna (Butaye et al. 2005 ). In many landscapes, formerly widespread calcareous grasslands 101 are reduced to small and isolated fragments (e.g. Boehmer 1994, Beinlich and Plachter 1995, 102 Bender et al. 2005) . 103
Here we evaluate the long-term effect of an ecological network, which was initiated in 104 1989 to restore calcareous grassland connectivity by large-flock sheep herding, on the species 105 richness of habitat specialist plants, based on a baseline survey in 1989 and an evaluation survey 106 in 2009. Empirical comparison of alternative connectivity models for this data set showed strong 107 support for sheep herding as the main seed dispersal vector (Rico et al. 2011). We hypothesize 108 that the effect of abandonment, i.e., baseline species richness in previously abandoned patches, is 109 primarily related to patch area and to factors delaying extinction, whereas the effect of the7 ecological network, i.e., net change in species richness between the two surveys, is primarily 111 related to patch geographic isolation, connectivity by sheep as dispersal vectors, and factors 112 promoting establishment of propagules. We test for potential bias introduced by non-random 113 assignment of grazing treatments. We thus use this ecological network as a 'natural experiment' 114 to assess whether species loss in calcareous grassland communities can be counteracted by 115 restoring functional connectivity among remnant patches. 116
Materials and methods 117

Study area 118
The study area of approx. 
Ecological network established since 1989 129
In 1989, a pilot project was initiated in the study area to create an ecological network 130 with a system of corridors to re-connect many of the previously abandoned grassland patches 131 with remaining core areas in three non-overlapping transhumant sheep herding systems 132 (Appendix S1), as sheep are thought to be the primary dispersal vectors of calcareous grassland 133 plants (Fischer et al. 1996) . Each sheep herding system includes up to 140 ha of calcareous 134 grasslands, which are grazed 3 -5 times per year, typically for not more than a day at a 135 VegetationType as a proxy for strength of competition with later seral species that may moderate 154 extinction rates (Fig. 1) . Type E contained a single patch (A55) and had to be dropped from some 155 analyses. (iii) We defined Elements 1989 as the number of dynamic structural elements present that 156 provide microsites for the establishment of habitat specialist plant species and thus may increase 157 colonization rates: rock debris, erosion, anthills, and small mammal burrows. 158 
Data analysis 211
We expected that PatchArea is primarily related to ecological drift (Hubbell 2001 
), that 212
VegetationType is related to delays in extinction e.g. due to reduced competitive advantage oflater seral species, and that both affect extinction rates of habitat specialist species (Fig. 1) . 214
Another set of factors was expected to affect the rate of colonization by habitat specialist species, 215 either through propagule immigration (PatchIsolation, SheepConnectivity) or the availability of 216 microsites for establishment (Elements, and GrazingTreatment through changes of habitat quality 217 and gap creation). As patch species richness results from the combination of extinction and 218 colonization rates, both sets of predictors were included to predict Richness 1989 and 219
RelativeChange. Hence, we fitted two full linear models: 220 the best-ranked model, we performed residual analysis to check regression assumptions, assessed 228 model fit with adjusted R 2 , and performed significance tests for regression coefficients. 229
In order to check for potential bias in terms of which patches were included in the 230 ecological network, we used one-way ANOVA to test for a difference in mean Richness 1989 231 among the three groups of patches defined by GrazingTreatment. Analysis was repeated for 232
PatchArea, PatchIsolation and Elements 1989 . The association between GrazingTreatment and 233
VegetationType was tested with Fisher's exact test, a small sample alternative to the chi-square 234 test of independence.
Results 236
Effect of abandonment 237
In the baseline survey, the 62 previously abandoned patches varied tremendously in 238 VegetationType2 only (Fig. 2) . PatchIsolation was not statistically significant in either univariate 257 or multivariate analysis. 258
Overall effect of ecological network 259
Relative change in species richness, which indicates net colonization rate between 260 baseline and evaluation surveys, differed significantly among the three grazing treatments ( Fig. 3;  261 one-way ANOVA, df = 2, F = 16.5, p-value < 0.001). 'Ungrazed' patches showed lower mean 262
RelativeChange than previously abandoned patches that, after 1989, were 'consistently grazed' 263 (Table 1) . 293 294 Discussion 295
Effect of abandonment 296
In the first part, we compared species richness of habitat specialist plant species among 297 62 previously abandoned patches, which were abandoned at least since 1960 (Dolek and Geyer 298 2002) . These data need to be interpreted with caution, as we cannot establish whether patches had 299 comparable species richness of habitat specialist species before abandonment, nor whether all In the present study, the remaining species richness of habitat specialist plants in 323 previously abandoned patches, before the implementation of the ecological network, was related 324 to patch size and vegetation type, which characterizes alternative facies of early secondary 325 succession after abandonment. Within groups of patches of the same vegetation type, patch area 326 had a strong and statistically significant effect on species richness, whereas this effect could not 327 be detected without accounting for vegetation type. Adriaens et al. (2006) , who related richness 328 of specialist species in grass-dominated (corresponding to Type A vegetation in our study) 329 calcareous grassland fragments in Belgium to present and historic patch area and connectivity, 330
found that richness was explained by present patch area and thus showed no extinction debt. 331
Observational studies that did not find patch area effects (related to ecological drift) may have 332 failed to account for important factors (e.g., related to competitive exclusion) that moderate 333 extinction rate. The high proportion of variance in relative change in species richness explained by sheep herding 398 connectivity and the number of dynamic structural elements alone (adj. R 2 = 49 %) and a normal 399 distribution of residuals suggest however that no major factor was missing from the model. 400
Notably, patch size and vegetation type had no significant effect on change in species 401 richness between baseline and evaluation surveys. This underscores that the restoration of 402 impoverished grasslands is likely driven primarily by propagule influx and establishment, and 403 less so by factors related to ecological drift and competition. Although it is conceivable that area 404 would affect colonization rate e.g. by increasing the probability of deposition of wind-or animal-405 dispersed propagules, we did not find any indication of such an effect. This is consistent with 406 empirical results from spatially explicit metapopulation theory, where single-species extinction 407 rates were found to depend strongly on patch area and colonization rates on connectivity 408 (Ovaskainen and Hanski 2004). Furthermore, the absence of a patch size effect suggests that theinitial difference in patch size between 'consistently grazed' and 'ungrazed' patches cannot 410 explain the difference in increase in species richness between baseline and evaluation surveys. 411
Conclusions 412
The ecological network evaluated here 20 years after its inception represents a long-term 413 'natural experiment' with exceptionally detailed and extensive baseline data. Data consistency 414 was unusually high as the same person was in charge of both surveys. The data set provides 415 evidence that this ecological network was successful at restoring functional connectivity of 416 previously abandoned patches at a community level, and for the pivotal role of sheep as dispersal 417
vectors. More detailed analysis at the level of species groups is needed to assess whether certain 418 species remain at risk depending on specific traits, their degree of habitat specificity or baseline 419 population size. Analysis of species-level extinction and colonization dynamics in grazed and 420 ungrazed patches may provide insight into the relative importance of deterministic and stochastic 421 changes in plant species composition of grassland fragments. 422
The availability of extensive baseline data, with species lists for each patch rather than 423 fixed-size permanent plots, is a prerequisite for disentangling colonization and extinction 424 processes at a landscape scale. These processes cannot be understood without explicit 
